Running head: B. cereus low temperature-induced RNA helicases Keywords: B. cereus, RNA helicase, low temperature, cold adaptation Abstract Bacillus cereus ATCC 14579 possess five RNA helicase-encoding genes overexpressed under cold growth conditions. Out of the five corresponding mutants, only ∆cshA, ∆cshB and ∆cshC were cold-sensitive. Growth of ∆cshA was also reduced at 30°C, but not at 37°C. The cold-phenotype was restored with the cshA gene for ∆cshA, partially for ∆cshB, but not for ∆cshC, suggesting different functions at low temperature.
shock or low temperature adaptation (9, (19) (20) . We investigated the expression of the five B. cereus csh genes at 37°C and 10°C, by real-time RT-PCR using the Quantifast SYBR Green RT-PCR kit (Quiagen) according to the manufacturer's instructions. Two independent growths of B. cereus ATCC 14579 (WT) cells (Table 1) were performed in Luria-Bertani (LB) broth, under regulated batch conditions at 10°C and 37°C (pH was maintained constant at 7.0, stirring at 200 rpm and pO 2 at 100%) in a 2-L bioreactor (Discovery 100MRU Inceltech). Total RNA was extracted as previously described (6) from cells sampled at three times of growth at 10°C and 37°C. Oligonucleotides listed in Table 1 with the "qRT" prefix were used for qRT-PCR. The five genes were all overexpressed from 2.7 to 9.2-fold at 10°C compared to 37°C ( Table 2 ). The highest expression was observed for cshA when bacteria were grown at both 10°C and 37°C, suggesting an important role of this RNA helicase whatever the temperature. The csh genes were more expressed at the early growth phase (sample S1) than at other stages, except cshC whose expression was constant along time. These results suggest a possible role of the five csh genes in B. cereus growth at 10°C. Impact of RNA helicase gene deletions on B. cereus growth at low temperature. To study the role of the RNA helicase-genes in B. cereus cold adaptation, mutant strains were constructed for each csh genes by allelic exchange, as previously described (3) without insertion of any antibioticresistance cassette to avoid polar effect on surrounding genes (Table 1 ). Growth at 30°C in LB broth of ∆cshB, ∆cshC, ∆cshD and ∆cshE strains was similar to that of the WT whereas growth of ∆cshA was slightly impaired (Fig 1A) . Bacterial counts were in accordance with OD 600 values ( Fig   1B) . Growth of all five mutants, including ∆cshA, was similar to that of the WT at 37°C and 42°C (data not shown). At 10°C, when compared to the WT, growth of cshD and cshE isogenic mutants were clearly not impaired (data not shown) whereas the other mutants showed impaired (∆cshB) or absence (∆cshA and ∆cshC) of cold growth (Fig 1C) . These phenotypes contrast with those described for B. subtilis ∆cshA or ∆cshB strains which were not cold-sensitive (17) . The minimum growth temperature was approximately 12°C for ∆cshB and was about 15°C for ∆cshA and ∆cshC (data not shown). Colony Forming Unit (CFU) revealed that the number of ∆cshB cells remained constant at 10°C (Fig 1D) , suggesting that the increase in OD 600 values was due to an increase in mutant cell length. CFU numbers of ∆cshA and ∆cshC decreased slightly at 10°C, whereas OD 600 remained constant. This could be due to a slight loss of viability at 10°C or to the formation of aggregates. However, when shifted to 37°C, growth of mutant cells was observed, suggesting that the absence of growth at low temperature of ∆cshA, ∆cshB and ∆cshC strains was mainly due to their altered ability to adapt to cold conditions. Observations under phase-contrast microscope showed that after growth at low temperatures (i.e. close to their minimum growth temperature), morphologies of the three cold-sensitive mutants were differently affected compared to WT cells (Fig 2A) : ∆cshA cells were long, formed large aggregates, as previously described for E. coli ∆csdA (19) and were curved at the pole (Fig 2B) .
∆cshB cells formed very long filaments (Fig 2C) while ∆cshC cells were short and stocky (Fig 2D) .
Staining of ∆cshB cells with the membrane stain FM 4-64 revealed red fluorescent areas, confirming the presence of cell membrane septa within filamentous cells (data not shown). When observed under transmission electron microscopy (TEM), the cell structure of the three csh mutants was similar to that of the WT at 30°C (data not shown). After growth at low temperature, cell structure of ∆cshA, ∆cshB and ∆cshC were strongly modified compared to WT cells (Fig 3A) : ∆cshA cells grown at 15°C were long and incompletely divided with thickened membranes (Fig   3B) , which were also seen in ∆cshB cells (Fig 3C) . ∆cshC cells also exhibited a thicker membrane than WT cells on TEM images but looked like ghosts with a scattered cytoplasm (Fig 3D) . Viability of mutant cells grown at 12°C or 15°C was tested using the LIVE/DEAD Bacterial Viability test and compared to that of the WT strain (Fig 2E to H red corresponding to bacteria which lost their membrane integrity, respectively for WT and ∆cshB strains grown at 12°C. At 15°C, 38% of red cells were counted for the WT strain and 45% for ∆cshA and ∆cshC. These results showed that cell viability at a permissive low temperature was not affected in mutants compared to WT, despite the marked alteration in their morphology.
Complementation of cold-sensitive phenotypes. In vivo complementation of ∆cshA with a plasmidic copy of cshA (which was under the control of the entire promoter region, see pHT304ΩcshA in Table 1 ) fully restored the WT phenotype of growth at 12°C (Fig 4) , showing the specific involvement of CshA in the cold-sensitive phenotype of ∆cshA. As showed in Figure 4 , complementation of cshA mutation was not obtained if the trans cshA-copy was placed under the control of a truncated promoter region (pHT304ΩpcshA lacking the distal cold-box in Table 1 ) or an inducing xylose-promoter (pHTXylΩcshA in Table 1 ), suggesting that the presence in its 5' noncoding region of three conserved motifs similar to cold-box elements, described in many bacteria as modulators of cold-induced mRNA stability, were essential (7, 14) . Introduction of a copy of cshA in ∆cshB complemented in part its cold-phenotype as revealed by the growth in LB at 12°C (data not shown). Morphology of ∆cshB+ pHT304ΩcshA cells was closer to the WT than to the ∆cshB cells. Such additional copy of cshA did not alter the growth at 30°C. This strongly suggests that CshA and CshB could have similar function in B. cereus cold adaptation or that CshA could have multiple overlapping functions as described for E. coli CsdA (18) . In contrast, the cold-phenotype due to the cshC deletion was not complemented at 12°C on LB plates or in LB medium by the introduction in trans of cshA. A possible polar effect of cshC mutation of the downstream genes BC2104 and BC2105 was unlikely because the corresponding mRNAs were still detected in ∆cshC by RT-PCR (not shown). This study demonstrated that the five RNA helicase encoding genes, present in B. cereus ATCC 14579 genome were up-regulated in response to low temperature conditions, but that only three were involved during growth at low temperature. Their deletion raised the minimum growth temperature threshold of B. cereus, and at low temperatures permissive for growth, caused strong modification on cells morphology. The CshA RNA helicase may have a stronger role in B. cereus temperature-adaptation as the deletion of cshA already altered growth at 30°C, unlike that of cshB and cshC. The data are the mean of two replicates on mRNA samples extracted from two independent cultures at 37°C and at 10°C (with a coefficient of variation <12 %, except for cshA and cshB at S2 and 10°C which was respectively 13.4 and 22.4%) ) . + and -indicate respectively up-and downregulated genes. a The mRNA level for each gene was normalized to the RNA level of the ssu gene encoding 16S RNA and quantified by the 2 -∆∆Ct method as previously described (21) . Only ratios of ≤ 0.5 and ≥ 2 were considered to be significant (i.e., P ≤0.05) according to the accuracy of the method. b mRNA level was determined by this following formula: 2 -∆∆Ct with ∆∆C t = ∆C t 10°C for Sx -∆C t 10°C for S1.
c at 37°C, sample S1 corresponds to cells harvested at OD 600 =0.3, S2 at OD 600 = 0.9, S3 at OD 600 = 2.0 and at 10°C, S1 correspond to OD 600 = 0.2, S2 to OD 600 = 0.5, S3 to OD 600 =1.2. 
